Background: Cervical cancer is caused by a persistent infection of human papillomavirus (HPV). Therefore, tests which detect the carcinogenic virus can be used for cervical cancer screening. Objective: This is the first evaluation of the HPV DNA Array (AID Diagnostika, Strassberg, Germany), an E1-based genotyping polymerase chain reaction (PCR) test for identification of 29 97). Methods: Analytical performance of the assay was assessed with cervical cancer cell lines with known HPV status, and preselected clinical cervical scrapings genotyped by multiplexed genotyping (MPG) with a Luminex readout (validated in-house assay). Intra-and inter-laboratory reproducibility experiments were performed to ensure the reliability of the assay. Results: HPV DNA Array identified the intrinsic HPV genotype in all cervical cancer cell lines and demonstrated a high sensitivity for HPV16 probe (1 cell per PCR reaction), as well as HPV18 and 45 probes (100 cells per PCR reaction). When compared with MPG, HPV DNA Array showed a good agreement of 92.2% for HPV detection irrespective of type (κ = 0.601), and demonstrated high agreement for HPV16 (80.7%, κ = 0.836) and HPV18 (86.7%, κ = 0.925). Furthermore, high intra-/interlaboratory reproducibility was observed (90.9-100%). Conclusion: HPV DNA Array showed high sensitivity for correct HPV genotype detection in experimental and clinical samples with a good correlation to the reference test. Since HPV DNA Array is based on a simple multiplexed PCR followed by reverse hybridization in a 96-well format and automated visual readout by AID ELISpot reader, it is capable of high throughput in a time-effective manner. HPV DNA Array could be considered for extended HPV genotyping of cervical smears.
Introduction
Human papillomavirus (HPV) infection is one of the most common sexually transmitted infections among sexually active women [1] . There are more than 40 HPV types identified to have high tropism for genital mucosal epithelia [2] . HPV types causing genital warts and benign lesions are labeled low-risk (LR) types, among which HPV6 and 11 are most commonly found [3] . HPV types associated with cervical cancer are grouped as high-risk (HR) HPV types [4] . The most clinically significant HR-HPVs are HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 , and 68. Cumulatively, they have been found in 94.5% of all squamous cell carcinomas of the cervix worldwide [5] .
Historically, cytology is the method most often used to screen for cervical intraepithelial lesions [6] . However, its limitations, for example moderate sensitivity for detection of disease (44-78%) [7] , the causality between cervical cancer and HPV [5] , and advancement of detection methods have led to a shift to and approval of HPV testing as the primary screening method.
There is indication that full HPV genotyping may be superior to HPV-positive/negative testing [8] [9] [10] . Genotyping for certain HPV types could provide valuable clinical information, because not all HPV types bear the same risk for cancer development, for example HPV16+ lesions are significantly less likely to regress than lesions positive for other HR-HPV types [11] . Any information on type shifting and persistence after treatment may have a clinical impact [12] . An additional advantage of genotyping may be the identification of multiple HPV infections. Women infected with multiple types of HPV have an increased risk of developing cervical cancer [13] . Identification of the specific genotypes is also important to evaluate their frequency in epidemiological studies.
The purpose of this study was to evaluate the technical performance of the HPV DNA Array, a full genotyping assay developed by AID Diagnostika (Strassberg, Germany), which is CE-marked for in vitro diagnostic in the European Union. The HPV DNA Array is an E1-based DNA multiplex polymerase chain reaction (PCR) assay, with ability for full HPV genotyping of 29 HPV types: 18 HR-HPV types (16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, 82 ) and 11 LR-HPV types (6, 11, 40, 42, 44, 54, 67, 69, 70, 85, 97) , as well as 3 internal controls. HPV is detected by multiplex PCR and subsequent reverse dot blot hybridization with type-specific oligonucleotide probes. These probes are spotted into one single well of a 96-well microtiter plate. Plates are evaluated and results computed by an ELISPOT reader and proprietary AiDot software (AID Diagnostika).
The performance of the HPV DNA Array and intra-/ inter-reproducibility were determined by using cell lines and archived material previously genotyped with the gold standard assay BS GP5+/6+ multiplexed genotyping (MPG) with a Luminex-based readout [14, 15] .
Materials and Methods

Sample Set and Preparation
To assess the analytical performance of HPV DNA Array, 2 sets of samples were used: (i) cultured cell lines with known HPV status, and (ii) preselected clinical cervical scrapings with known HPV status, genotyped by MPG.
Cell Lines
Seven cervical cancer cell lines were obtained from LGC Standards GmbH (Wesel, Germany) and cultured according to American type culture collection instructions, that is HeLa (HPV18+, ATCC ® CCL-2 TM ), CaSki (HPV16+, ATCC ® CRL-1550 TM ), SiHa (HPV16+, ATCC ® HTB-35 TM ), CERV (HPV45+, ATCC ® HTB-34 TM ), MS751 (HPV45+, ATCC ® HTB-34 TM ), ME180 (HPV68+, ATCC ® HTB-33 TM ), and C33A (HPV-, ATCC ® HTB-31 TM ).
Clinical Cervical Scrapings
From the laboratory sample repository, 244 HPV-positive DNA samples were selected: 157 samples with single HR-HPV infection, 27 with single LR-HPV infection, and 60 samples with multiple HPV infections. At least 1 sample to represent any type included in the HPV DNA Array spectrum was selected, however, HPV40-, 44-, 67-, 69-, 85-, and 97-positive samples were not available. In addition, as controls, 28 HPV-negative samples were included. Samples were obtained from women undergoing colposcopic examination at the outpatient referral Gynecology Clinic, Charité Universitätsmedizin Berlin, Germany. Patients consented to the use of residual material for research (IRB No. EA1/168/13). Cervical scrapings were taken by cytobrush rinsed in ThinPrep (Hologic, Bedford, MA, USA), and stored at +4 ° C until analysis. DNA was extracted by QIAamp DNA Mini Kit from 2 mL of a 20-mL total sample volume. Nucleic acid was eluted to a final volume of 160 µL. HPV genotyping was performed with MPG using 5 µL of DNA extract per PCR reaction.
MPG with Luminex-Based Hybridization following BS-GP 5+/6+ PCR BS GP5+/6+ MPG assay with Luminex-based readout is a wellestablished assay proficient for HPV genotyping with high analytical sensitivity [16] . MPG is an L1-based PCR DNA test which is used routinely in our laboratory for HPV detection of the following HPV types: 6, 11, 16, 18, 26, 31, 33, 35, 39, 42, 43, 45, 51, 52, 53, 54, 56, 57, 58, 59, 66, 68, 70, 72, 73, 82 , and 90. Additionally, the assay measures the cellular beta-globin of each sample, as a control for the adequate DNA amount. The MPG genotyping was carried out generally as described by Schmitt et al. [14, 15] ; however, in our laboratory a final PCR volume of 25 µL was used. The assay's quality was controlled by participation in proficiency testing (Instant e.V. and Equalis) and compared to the commercially available version Optiplex (Diamex, Heidelberg, Germany).
HPV DNA Array
The HPV DNA Array (AID Diagnostika) included 18 HR genotypes (16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59 , 66, 68, DOI: 10.1159/000502207 73, 82) and 11 LR HPV types (6, 11, 40, 42, 44, 54, 67, 69, 70, 85, 97) . The assay detects HPV by amplifying E1-gene sequences of approximately 180 base pairs in length by multiplex PCR with specific biotin-labeled primers. The duration of the PCR program is 55 min: 1 cycle (3 min at 95 ° C), 10 cycles (10 s at 96 ° C and 20 s at 60 ° C), 26 cycles (10 s at 95 ° C, 15 s at 55 ° C, and 15 s at 72 ° C), and 1 cycle (3 min at 72 ° C). Per PCR reaction, 4.8 µL of DNA and 20.2 µL of Master Mix, in a total volume of 25 µL, were used. For each PCR run negative and positive controls (GapDH) were included to control the PCR performance. The amplified gene fragments were detected by a hybridization reaction with sequence-specific oligonucleotide probes, specific for each HPV type. All probes are spotted as triplets and immobilized at the bottom of each well of a 96-well microtiter plate ( Fig. 1 ). Twenty-five microliters of PCR amplicons were denatured by using 25 µL of denaturation reagent to allow binding to immobilized oligonucleotide probes. Ten microliters of this mix were placed into a well for hybridization to the spotted HPV genotype-specific probes. A stringent washing procedure ensured binding only when there was 100% sequence homology. Streptavidin-coupled alkaline phosphatase was used to detect biotin-labeled amplified DNA hybrids by color reaction with BCIP/NBT. Spots were evaluated by ELISpot reader and reading software AiDot (AID Diagnostika). Spots were considered as positive when the color strength was stronger than 10% of the strength of the conjugate control probe (Fig. 2 ). In addition, in each well 3 internal controls were spotted: GapDH control for verification of adequate DNA content, a conjugate control for correct test execution, and a specificity control to detect any potential unspecific binding. Data obtained by ELISpot reader and reading software AiDot can be exported (e.g., Microsoft Word) and pictures of each well stored.
HPV DNA Array Sensitivity Tested with Cell Lines
To test the stability of cells and suitability of 2 different storage transport media (SM), with fixating and non-fixating SM, cells were suspended in phosphate-buffered saline (PBS) and in Pre-servCyte (Hologic Inc., Marlborough, MA, USA). DNA was extracted from 1 mL (10 6 cells/mL) by QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. Nucleic acid was eluted in a final volume of 160 µL. All samples were tested under identical conditions, and PCR amplification was performed and tested in duplicates. HPV genotyping was performed with MPG using 4.8 µL of DNA extract per PCR reaction.
To determine the sensitivity of the HPV DNA Array for HPV16, 18, 45, and GapDH probes, a titration of SiHa, HeLa, and MS751 cell lines was performed. Samples of 2 different passages of each 
Intra-and Inter-Laboratory Reproducibility
Assay reliability was tested by intra-and inter-laboratory reproducibility experiments. From the laboratory sample repository, 22 cervical samples were selected: 3 HPV negative and 19 HPV positive, 8 with a single and 11 with multiple HPV infections. Within the intra-laboratory reproducibility testing, an intra-and inter-assay comparison was performed. For the intra-assay experiment, the same PCR product of the sample set was tested as quadruplicates on the same assay plate in one run by 1 performer using the same assay lot. In the inter-assay setting, the sample set was tested independently by 3 performers using different assay lots. For the inter-laboratory reproducibility testing, DNA aliquots of the sample set were sent to 2 external laboratories (laboratory 2: GenID/AID Diagnostika; laboratory 3: Microbiology Laboratory, University of Zurich, Switzerland). Different assay lots were used in different laboratory settings.
Results Analysis
The diagnostic accuracy of HPV DNA Array, as well as analytical sensitivity and specificity, were calculated in comparison with the gold standard test MPG. Analysis was performed on 23 HPV types covered by both assays (HPV6, 11, 16, 18, 26, 31, 33, 35, 39, 42, 45, 51, 52, 53, 54, 56, 58, 59, 66, 68, 70, 73 , and 82). The sensitivity was calculated with the formula: number of true positives/ (number of true positives + number of false negatives); and the specificity was calculated with the formula: number of true negatives/(number of true negatives + number of false positives). The sensitivity, specificity, and agreement were evaluated using Cohen's kappa (k). The HPV detection was calculated irrespective of type, as well as for each specific HPV type. The k value was interpreted as follow [17] : poor (< 0.20), fair (0.21-0.40), moderate (0.41-0.60), good (0.61-0.80), very good (0.81-1.00). The McNemar test was used with a 95% level of confidence to determine whether the difference between assays was significant. Pearson correlation was performed to assess the association between certain HPV types.
The agreement for HPV detection within the intra-and interlaboratory reproducibility detection was calculated irrespective of HPV type. Statistical analysis was performed with IBM SPSS Statistics for Windows (version 21.0, IBM Corp., Armonk, NY, USA) and MedCalc 15.8 (MedCalc Software, Ostend, Belgium). 
Results
Detection of HPV in Cervical Cancer Cell Lines and Probe Sensitivity
Cells from 7 cervical cancer cell lines (HeLa, SiHa, CaSki, CERV, MS-751, ME-180, and C33A) were resuspended in both PBS and in PreservCyte. The expected HPV type of each cell line was correctly identified after storage in both media (CaSki-HPV16, SiHa-HPV16, He-La-HPV18, CERV-HPV45, MS-751-HPV45, ME-180-HPV68, and C33A-HPV DNA negative, for which sample adequacy was controlled by positive GapDH).
The PCR and probe hybridization sensitivity of HPV16, 18, 45, and GapDH were tested with titration series of SiHa, HeLa, and MS751 cells in concentrations from 10 4 cells per PCR reaction to 10 -2 cells per PCR reaction (Table 1 ). In 2 independent determinations, the detection limit for HPV identification was 1 cell per PCR reaction for HPV16 and 10 2 cells per PCR reaction for HPV18 and 45. The detection limit for the GapDH control was 10 2 cells per PCR reaction for all 3 cell lines. No difference between different passages of each cervical cancer cell line was observed. We also observed a high specificity of the probes investigated for these HPV genotypes represented by the cell lines as there was no crossreaction observed. Two hundred and nineteen samples showed concordant results, and in 54 samples discordant results were observed: either HPV DNA Array+/MPG-, HPV DNA Array-/MPG+, or both positive but not for same HPV type.
Sample Retesting
To avoid operational mistakes, the 54 discordant samples were retested with HPV DNA Array in order to potentially correct any technically introduced mistakes and get the most accurate results for the technical assay validation. Ten formerly concordant samples were also retested as controls. All 10 control samples had the same concordant result after retesting, proving general reliability of the retesting. We found that in 40/54 samples that had discordant results, the retested results were still discordant to MPG. In 14/54 samples, however, the result changed and now matched MPG for at least 1 HPV type.
The 40 samples that were still discordant after HPV DNA Array retesting were also retested with MPG. Fourteen formerly concordant samples were included as a control, and these remained concordant upon retesting. We found that in 29/40 discordant samples the result stayed the same, hence a discordance was verified. In 11/40 samples, however, the result changed upon retesting, and now matched the HPV DNA Array results.
In summary, out of the 54 initially discordant samples between HPV DNA Array and MPG after retesting, 14 became concordant by correcting the HPV DNA Array result and 11 samples became concordant by correcting the MPG result. In total, 25 became concordant, while 29 remained discordant between the 2 assays. These final re- detected. Including all samples (HPV positive and negative), the agreement for HPV-positivity detection (irrespective of type) was 92.3% by HPV DNA Array, with κ = 0.671 (95% CI 0.542-0.799), demonstrating good agreement between the assays, and with a specificity of 92.86%.
Type-Specific Agreement between HPV DNA Array and MPG among Clinical Cervical Scrapings
The sensitivity for detection of individual HPV types is presented in Table 3 . It varied from 28.6% for HPV56 to 100% for HPV33, 35, 45, and 58, with an average of 73.6% over all genotypes. HPV DNA Array had a very high specificity for each HPV type with an average value of 98.0%, varying from 92.2% for HPV26 to 100% for HPV6, 18, 39, 66, 70, and 73. The κ values varied from 0.194 for HPV26 to 0.958 for HPV33. An average κ of 0.67 Pearson correlation analysis discovered a cross-reactivity between HPV26 and HPV35 probes. A higher number of HPV26 HPV DNA Array-positive samples (n = 21) was observed, which were negative by MPG, explaining the low κ agreement and specificity for this rare genotype.
Verification of HPV Genotype Status in HPV DNA Array Negative Samples in Single and Multiple Infections Compared with MPG
To further understand the discrepancy in HPV-type detection, the samples in which a respective HPV type was HPV DNA Array-/MPG+ were stratified by dividing into MPG single or multiple infections (Table 4 ). In some samples 2 or more HPV types were HPV DNA Array-/MPG+. In total, it was found that in 22/80 (26%) samples a respective HPV type was missed by HPV DNA Array, while it was present in MPG as a single HPV genotype infection. In contrast, in 63/80 (74%) cases a genotype was missed by HPV DNA Array when it was present in MPG in a multiple genotype infection. It was observed that in 57/63 (90%) samples with multiple infections other types present in the infection were detected instead by HPV DNA Array.
This corresponds with our finding from the above section (Agreement between HPV DNA Array and MPG among Clinical Cervical Scrapings) that the agreement for general HPV detection (irrespective of type) between the assays was higher in multiple (96.7%, 58/60) versus single (90.8%, 167/184) infections.
Intra-and Inter-Laboratory Reproducibility
Within intra-assay/intra-laboratory experiments, agreement for HPV detection was 100% (22/22, κ = 1) between all 4 sets in one plate run. Agreement for HPV detection between different performers within inter-assay/intra-laboratory reproducibility was 100% (22/22, κ = 1), and within inter-laboratory reproducibility was 100% (22/22, κ = 1) for the second and 90.9% (20/22, κ = 0.69) for the third laboratory, where 2 HPV-positive samples were marked HPV negative.
Discussion
This is the first report on analytical performance of the HPV DNA Array, an E1-based multiplexed PCR assay for full HPV genotyping. HPV DNA Array has been demonstrated to be a simple and robust assay, with a short 4-h protocol, with a hands-on time of approximately 2 h, a reverse hybridization step, and an ELISA-like staining for assay development. The automated ELISPOT reader AiDot evaluates the full 96-well plate in approximately 3 min, permitting high throughput and time efficacy. Automated plate readout and analysis by AiDot software avoids subjective variability. The data can be exported in various formats (e.g., Microsoft Word), as well as stored for documentation and re-evaluation.
Experiments performed on different cervical cancer cell lines established the high sensitivity for detection from cellular material. Importantly, HPV DNA Array proved it can be run from native PBS non-fixed material or PreservCyte samples that are used routinely for cervical sampling. In addition, a high sensitivity for specific probes was observed, such as 1 cell/PCR for HPV16 and 100 cells/PCR reaction for HPV18 and 45.
Intra-and inter-laboratory reproducibility experiments demonstrated highly reproducible agreement for general HPV detection (100%, κ = 1) within intra-and inter-laboratory experiments, except for lower agreement of laboratory 3 (20/22, 90%, κ = 0.69) within inter-laboratory reproducibility. This could be due to restricted experience of the performer only recently acquainted with the assay protocol, contrary to the longer experience of the first 2 laboratories.
Reproducibility experiments highlighted the reliability and reproducibility of the assay; however, when retesting the discordant samples with HPV DNA Array, in a number of samples the HPV results changed (22/54 retested samples). Similarly, the results changed with MPG after retesting of discordant samples (11/40 ). This peculiar phenomenon could be caused by pipetting errors or contamination, all of which could accompany the PCR diagnostics and hybridization, or be due to low viremic samples where by chance the viral template is captured or not in the PCR reaction. In an effort to get the more accurate HPV results, especially for validation purposes, the retesting of discordant samples was performed and included in the analysis. Such retesting would not be feasible in a screening setting or as part of routine diagnostics.
Comprehensive analysis on HPV detection in clinical samples against MPG demonstrated good agreement (κ = 0.671, 95% CI 0.542-0.799) for HPV positivity detection. High agreement of > 90% was documented when stratifying for single/multiple infection status and type-specific carcinogenic risk, with slightly lower agreement among LR-HPV types of 88%. It is worth mentioning that while detection and evaluation of LR-HPV types is important for epidemiological purposes, it is not recommended for cervical cancer screening.
Very good agreement for the most frequent cancercausing types HPV16 and 18 was found with a κ of 0.836 (95% CI 0.753-0.919) and 0.925 (95% CI 0.821-1), respectively; which is important, as HPV16 and 18 account for more than 70% of cervical cancers [5] . Agreement for HPV31, 33, 35, 52, and 58, which together with HPV16 and 18 account for 89% of cervical cancers [5] , was found to be good to very good with κ values higher than 0.6. Poor/fair agreement (κ < 0.4) was found for HPV26, 56, 68 among HR-HPV types. Pearson correlation analysis discovered a cross-reactivity between HPV26 and HPV35 probes, as a higher number of samples HPV26-positive with HPV DNA Array but negative with MPG (21 samples) were observed, explaining the low κ agreement and specificity for this rare genotype. It was noted for future genotyping analysis that such cross-reactions may occur. HPV56 and 68 are the 10th and 12th ranking cancercausing types in the world [5] .
To further investigate the reason for missing genotypes by HPV DNA Array that resulted in lower agreement to the gold standard assay MPG, a stratification of the samples in relation to single versus multiple infections was performed. It was observed that when an HPV type was missed by HPV DNA Array, it was more frequently in MPG multiple infections (22% missed in single vs. 74% missed in multiple infections). If a certain HPV type was missed by HPV DNA Array in MPG-detected multiple infections, it was observed that in 90% of cases at least one other HPV type was detected by DNA Array.
Evidently, as found within the LabNet Proficiency studies [18] , for many assays on the market HPV genotypes are more difficult to detect when present in multiple infections. Similarly, in our study, the sensitivity for detection of a certain genotype was lower when present in multiple infections. However, importantly, overall sensi-DOI: 10.1159/000502207 tivity for the detection of multiple infections, that is > 1 genotype, was found to be high for HPV DNA Array, representing 96.6% (58/60) of respective samples. As multiple infections have a higher risk for developing into dysplasia [19] [20] [21] , it is clinically important not to miss those. Furthermore, in the LabNet Proficiency study, Eklund et al. [18] reported that the sensitivity for detection of different HPV genotypes among many assays varied between 41 and 97%, which is similar to results reported within this study. Eklund et al. [18] found that the investigated assays tended to be more sensitive in detection of HPV16, 11, and 18 due to their epidemiological and clinical significance, however they were less sensitive than HPV31, 59, and 39, for example.
It must be considered that MPG has a very high analytical sensitivity [14, 15] , which is of advantage for epidemiology, but may be a disadvantage for achieving an adequate level of clinical sensitivity. The analytical differences in our study could possibly be due to differences in assay design and the HPV gene targeted (HPV DNA Array-E1, MPG-L1). The study sample panel we used was selected to contain different HPV genotypes, and is not representative of a screening population, and no data on patient age or histology status were available.
Current guidelines for clinical validation of HPV assays recommended by Meijer et al. [22] were not followed within this study, as we aimed to describe HPV DNA Array and evaluate its analytical performance. Therefore, samples of cervical cancer cell lines and preselected cervical scrapings were used, and not samples from a screening population, as required by Meijer et al. [22] . However, the main intent of HPV testing should be the detection of clinically relevant cases. In an effort to evaluate the clinical sensitivity for high-grade lesions and cervical cancer, an additional study was organized revealing high sensitivity of HPV DNA Array for CIN2+ lesion detection [Pesic et al., accepted] and is reported elsewhere.
Conclusion
HPV DNA Array demonstrated a good analytical performance for HPV detection irrespective of type. Most importantly, it was concordant with MPG, with high sensitivity and agreement for HPV16 and 18. HPV DNA Array is a reliable and sensitive PCR-based assay, with a simple workflow for individual genotype detection with the possibility to develop automatization. It can be performed as a high-throughput assay capable of testing up to 96 samples in one run. With an automated readout within 3 min per plate it is a full genotyping assay and should be investigated for applicability for epidemiology purposes or mass screening.
